The applications of immunoglobulin preparation for intravenous injection (IVIg) for various intractable diseases are increasing. The two major clinical indications for IVIg are the replacement therapy and the anti-inflammation therapy for a variety of acute and chronic autoimmune diseases. One of the proposed mechanisms of IVIg activity is the modulation of cytokine expression and function; therefore, we analyzed the effect of IVIg on pathogen-associated molecular pattern (PAMP)-induced cytokine production by peripheral blood mononuclear cells
INTRODUCTION
Since the development of a method for purifying and concentrating immunoglobulin G (IgG) in plasma using Cohn cold ethanol fractionation in 1941, IgG extracted from human blood has been used as a pharmaceutical product for the purpose of preventing and treating bacterial and viral infections. This product is referred to as an immunoglobulin preparation.
While it is used for the prevention and treatment of infections as well as for IgG replacement therapy, it has come to be used for the treatment of numerous autoimmune diseases following a report by Imbach et al. [1] in 1981 that intravenous immunoglobulin (IVIg) restores the platelet count in idiopathic thrombocytopenic purpura (ITP) patients. In Japan, autoimmune diseases covered by the national health insurance include ITP, Kawasaki disease, chronic inflammatory demyelinating polyneuropathy, Guillain-Barré syndrome, and pemphigus. IVIg threpy is recommended to these *Address correspondence to this author at the Laboratory for Immunopharmacology of Microbial Products, School of Pharmacy, Tokyo University of Pharmacy and Life Sciences, 1432-1 Horinouchi, Hachioji, Tokyo 192-0392, Japan; Tel./Fax: +81-42-676-5561; E-mail: ohnonao@toyaku.ac.jp autoimmune diseases. IVIg has also been apploed to treat systemic lupus erythematosus (SLE) [2, 3] , Alzheimer's disease [4] , and habitual miscarriage [5] , as well as during organ transplant [6] , and has demonstrated its effectiveness in those cases.
Although IVIg is applied to treat a number of diseases, its mechanism of action has yet to be clearly determined [7] [8] [9] [10] . There are various kind of autoimmune diseases, and at least in part are induced by inballance of the immune surveillance system [8, 9] . Immune system includes various subsystems, such as innate vs. acquired, systemic vs. mucosal, primary vs. secondary, and so on. It has been clearly demonstrated that activation of the innate immunity by various PAMPs during microbial infection strongly influenced the following acquired immunity. As the onset of autoimmune diseases is considered to be closely related to the microbial infection either directly or indirectly, analysis of the action of PBMCs stimulated by PAMPs is important to clarify the mechanism of IVIg.
LPS is a structural component of the cell wall of Gram negative bacteria such as Escherichia coli, and Toll-like receptor (TLR) 4, myeloid differentiation factor 2 (MD-2), and cluster of differentiation (CD) 14 form a complex to induce inflammation from two directions, consisting of a myeloid differentiation factor 88 (MyD88) -dependent pathway [11] and a pathway mediated by the Toll/interleukin-1 receptor (TIR) domain containing adaptor inducing interferon (TRIF) [12] . Pam3 is a synthetic lipopeptide that is recognized through the cooperation of TLR1 with TLR2, leading to the activation of nuclear factor-kappa B (NF-B) [13] . Polyinosinic-polycytidylic acid sodium salt (Poly I:C) is a synthetic double-stranded RNA (dsRNA) that induces an immune response to viral infection. NF-B is activated in two ways: a pathway mediated by dsRNA-activated protein kinase (PKR) [14] and a pathway associated with TLR3 [15] .
As shown above the microbial infection and the autoimmune diseases are directly and/or indirectly link in each other. In the present study, the effect of IVIg on PAMPsinduced cytokine production by PBMCs were examined and proposed mechanisms for the anti-inflammatory action.
MATERIALS AND METHODS

Immunoglobulin Preparations
Immunoglobulin preparations used in this study were SIVIg (Kenketsu Venilon-I; Chemo-Sero-Therapeutic Research Institute) and Fc-depleted immunoglobulin preparation (F(ab') 2 , Kenketsu Jyochu Globulin "Kaketsuken;" Chemo-Sero-Therapeutic Research Institute). S-IVIg contained glycin, albumin, and D-mannitol as stabilizer. F(ab') 2 contained glycin and sodium chloride as stabilizer. Those preparations were dissolved in the solvent specified in the instruction and frozen at -30°C until use.
Media and Buffers
RPMI 1640 medium (Prime) was used, to which gentamycin sulfate (Wako Pure Chemical Industries) was added at a concentration of 50 μg/ml. Fetal bovine serum (FBS) (Equitec) was used after inactivation at 56°C for 30 minutes. Physiological saline (Otsuka Normal Saline) and injection solvent (Otsuka Distilled Water) were purchased from Otsuka Pharmaceutical Co., Ltd. 3,3',5,5'-tetramethylbenzidine (TMB) Microwell Peroxidase Substrate was purchased from Funakoshi Co. Japan.
Plates
A 96-well Multiwell Plate 96FII (Sumilon) was used for cell culture. A Nunc plate (F96 MaxiSorp Nunc-Immuno Plate Nunc; Nunc) and an enzyme-linked immunosorbent assay (ELISA) plate (half-area, half-plate: 96-well flatbottomed and high binding; Greiner Bio One) were used for ELISA.
Blood Collection
Blood samples were collected using Venoject II vacuum blood collection tubes (heparinized blood collection tubes) with a Sureshield Safety Winged Needle Set (Terumo). Blood sampling was performed after approval from the university physicians based on the provisions established by the ethics committee of our university.
PAMPs
E. coli serotype 0111:B4 of LPS (lipopolysaccharide) was purchased from Sigma-Aldrich and dissolved in physiological saline to a concentration of 1 mg/ml. Pam3 was purchased from EMC Microcollection GmbH (Tubingen, Germany) and dissolved in physiological saline to a concentration of 1 mg/ml. Poly I:C was purchased from SigmaAldrich and dissolved in PBS to a concentration of 10 mg/ml. Candida albicans water-soluble extracellular polysaccharide (CAWS) prepared by our laboratory was dissolved in phosphate-buffered saline (PBS) to a concentration of 1 mg/ml [16] . Oxidized C. albicans (OX-CA) prepared by our laboratory was dissolved in physiological saline to a concentration of 5 mg/ml [17] .
Antibodies
For IL-8 and TNF-ELISA, mouse anti-human IL-8 or TNF-(BD Bioscience) was used for the primary antibody and biotinylated mouse anti-human IL-8 or TNF-monoclonal Ab (BD Bioscience) was for the secondary antibody. The reaction was detected by avidin-peroxidase and horseradish peroxidase (HRP)-streptavidin conjugate (Zymed Laboratories, Inc.).
PBMC Isolation
Blood samples from healthy donors (n = 3) were collected into heparinized vacuum tubes. The samples were centrifuged for 10 minutes at 2800 g, and the buffy coat layer containing white blood cells was recovered and diluted with an equal volume of physiological saline. The supernatant (plasma) was heated at 56°C for 30 minutes to deactivate the complement. Three-milliliter aliquots of Histopaque-1077 were added to 15 ml centrifuge tubes (Iwaki Glass) and the buffy coat was layered. This was followed by centrifugation for 30 minutes at 3000 g. The supernatant was discarded and the resulting white blood cell layers were diluted with water for injection to lyse red blood cells. The resulting mixture was washed three times with RPMI 1640 to prepare PBMC fraction for use.
Cell Culture
The isolated PBMCs were diluted to 1 10 6 cells/ml (with 10% inactivated autoplasma RPMI 1640), and the preliminary study was conducted to determine the optimum culture condition to analyze the effect of IVIg on PAMPinduced cytokine production by PBMCs.. PBMCs were cultured up to 48 hours following the addition of PAMPs (LPS, Pam3, Poly I:C, CAWS, and OX-CA), followed by the recovery of the culture supernatant and measurement of the concentration of TNF-by ELISA. The concentrations of PAMPs that moderately induced TNF-production were 1 ng/ml for LPS, 100 ng/ml for Pam3, 10 μg/ml for Poly I:C, 1 μg/ml for CAWS, and 1 μg/ml for OX-CA. Optimum culture period was around 8 hours.
Microarray
RNA extraction and one-color microarray analysis were performed by Hokkaido System Science Co., Ltd. (HSS). After culturing PBMCs for 30 minutes with F(ab') 2 , the cells were stimulated with Poly I:C (10 μg/ml) for 3 hours. The samples were then stored in the pretreatment solvent for stabilize RNA and sent to HSS for microarray analysis. The samples consisted of a "control" to which only Poly I:C was added and "F(ab') 2 " to which both F(ab') 2 and Poly I:C were added. Microarray analysis was carried out as follows: cDNA synthesis, labeling (cyanine 3), amplification of cRNA (Quick Amp Labeling Kit; Agilent Technologies), purification of labeled cRNA (RNeasy mini spin columns; Qiagen), preparation of cRNA target solution, washing and drying the array, scanning (Agilent gene expression scanner), and data generation (excluding data in which expression levels were extremely low and data in which measurement errors were excessively high after normalization, etc.).
Statistical Analyses
Student's t-test was used to test for the presence of significant differences.
RESULTS
Effect of IVIg on PAMP-Induced Cytokine Production
Preliminary study was conducted to determine the optimum culture condition to analyze the effect of IVIg on PAMP-induced cytokine production by PBMCs. PBMCs were cultured up to 48 hours in the presence or absence of PAMPs (LPS, Pam3, Poly I:C, CAWS, and OX-CA) and measured the concentration of TNF-in the culture supernatant by ELISA. The concentrations of PAMPs that moderately induced TNF-production were 1 ng/ml for LPS, 100 ng/ml for Pam3, 10 μg/ml for Poly I:C, 1 μg/ml for CAWS, and 1 μg/ml for OX-CA. Optimum culture period was around 8 hours. To demonstrate the optimum culture condition more precisely, TNF-and IL-8 production of PBMCs stimulated with IVIg coated on the culture plate were measured up to 48h (Fig. 1) . As shown in Fig. (1) , peak cytokine concentration for TNF-was around 8 h. In contrast, IL-8 concentartion was gradually increased during the cultivation period. From these findings, we chose 8 h culture for the following experiments.
Then, the effect of IVIg on PAMP-induced cytokine production was examined. PBMCs were incubated for 30 minutes in the presence or absence of IVIg (S-IVIg, F(ab') 2 ) and then stimulated with various PAMPs (LPS, Pam3, Poly I:C) for 8 h at 37°C and 5% CO 2 . TNF-concentration of the resulting supernatant was measured by ELISA (Fig. 2) . The production of TNF-as a result of stimulation with LPS and Pam3 was significantly inhibited by S-IVIg, and TNF-pro- duction resulting from the stimulation with all PAMPs was significantly inhibited by F(ab') 2 . Next, we examined the effect of IVIg (S-IVIg and F(ab') 2 ) on cytokine production induced by C. albicans-derived PAMPs (CAWS, OX-CA). Similar to other PAMPs, S-IVIg and F(ab') 2 inhibited its TNF-production (data not shown). In addition, to test the individual differences of inhibitory action, we analyzed data from three individuals (Fig. 3) . As shown in Fig. (3) , all three donors respond to various PAMPs and produced significant concentration of TNF-. Amount of TNF-was different in each individual, however, the production of TNF-was inhibited significantly in all donors by both IVIg and F(ab')2. From these findings, IVIg was found to inhibit TNF-production of PBMC stimulated with various PAMPs.
Immunoglobulin is consisted of two functional regions, antigen binding region and constant region (Fc fragment) which is an adaptor for leukocyte-signaling. Function of IVIg might be mediated through both of the regions. It is well known that cross-linking of Fc receptors and/or complement receptors by immune complex significantly enhance the phagocytic response as well as the inflammatory reactions. When IVIg was coated onto the culture plate to mimic cross-linking and cultured with PBMC, strong cytokine production was induced without any other stimulus (Fig. 1) . In contrast, coating F(ab') 2 did not induce such inflammatory reactions from PBMC (Fig. 4) . These facts suggested that function of IVIg is mediated through both Fc-receptor and antigen-binding sites, and F(ab') 2 is through only the antigen-binding sites. As shown above, both S-IVIg and F(ab') 2 Fig. (3) . Production of TNF-from 3 donors PBMC cultured with IVIg and variety of PAMPs. Three donors PBMC were cultured for 8h with S-IVIg or F(ab') 2 and variety of PAMPs, LPS 1ng/ml, or Pam3 100ng/ml, Poly I:C 10μg/ml, CAWS 1μg/ml, and OX-CA 1μg/ml. Concentration of TNF-was measured by ELISA. Values represented means +SEM. p values shown were determined by the Student's t test. *p<0.05 **p<0.01. showed similar inhibitory activity to PAMPs induced cytokine production, thus the action might be mediated mainly through antigen binding sites in this experimental system. To analyze the inhibitory action of immunoglobulin preparation on cytokine synthesis more precisely, we further analyzed F(ab') 2 mediated inhibition.
Microarray Analysis of Inhibitory Action of F(ab') 2 on Cytokine Production
Modulation of gene expression of PBMC by IVIg was more precisely analyzed by microarray analysis. Gene expression of the PBMC stimulated by Poly I:C at 10 μg/ml for 3 h in the presence or absence of F(ab') 2 were compared. Analyzing the gene expression patterns, expression of 229 genes was inhibited to 1/200 or less by F(ab') 2 . Genes of significant reduction are listed in Table 1 . On the other hand, expression of 159 genes were increased by more than 100-fold by F(ab') 2, . Genes of significant augmentation are listed in Table 2 . According to this analysis, F(ab') 2 clearly inhibited and amplified numerous genes. The genes analyzed had many functions, suggesting that various mechanisms were involved in the inhibition.
DISCUSSION
The most important function of immune system is believed to be distinguish self from harmful non-self to maintain homeostasis of the host. It is also true that autoimmunity always exist in some degree to control homeostasis. Inballance of the autoimmunity induce autoimmune diseases. More than 80 kind of autoimmune diseases are known and are commonly difficult for medical treatment. Mechanism of autoimmunity and autoimme diseases are actively underway all over the world and it is generally accepted that the mechanism include both the genetic factors and the environmental factors [7, 8] . Microbial infection is one of the environmental mechanisms for the autoimmune diseases [25] . Infectious diseases activate both innate and acquired immunity, and all these mechanisms might be related to autoimmune diseases. From the view point of innate immunity, there are many PAMPs to activate neutrophils, macrophages, T-cells as well as B-cells. Some of the PAMPs activate lymphocytes polyclonally. From acquired immunity, molecular mimicry activates crossreactive T cells that recognize both the pathogen-derived epitopes and the self-derived epitopes, and then mediate self-tissue damage. Self-reactive T cells are also activated by non-specific bystander mechanism during infection. In addition, epitope spreading involves a persistent pathogen infection that causes damage to self-tissue.
Clinical findings have demonstrated that IVIg improves symptoms associated with hypercytokinemia in patients with serious autoimmune diseases, such as Kawasaki disease, and Guillain-Barré syndrome [18, 19] , and that the mechanism involves the direct or indirect action of IVIg on macrophages, NK cells, granulocytes, B cells or T cells [8, 9, 20] . In this study, the effects of S-IVIg and F(ab') 2 on PAMPinduced cytokine production of PBMCs were examined. The action of IVIg on TNF-production induced by PAMPs was examined and found that the production was significantly inhibited by both S-IVIg and F(ab') 2 . There are several reports of the effects of IVIg on cytokine production by human PBMCs. With respect to cytokine production induced by a mixed lymphocyte reaction (MLR), the productions of interleukin (IL)-2, interferon (IFN)-, TNF-, and IL-6 were inhibited by IVIg [21] , and the inhibitory action of IVIg on IL-2 production was stronger than that of F(ab') 2 [22] . With respect to cytokine production induced by LPS, the production of IL-6, TNF-, and IL-8 was inhibited [18, 23, 24] , supporting the results shown in this study.
Immuneglobulin is composed of two functional domains, Fab fragment and Fc fragment. Fc fragment is important for the opsonization of the immune complex and following inflammatory responses. In the preliminary investigation, we compared the cytokine synthesis of PBMCs stimulated with aqueous and plate bound IVIg, and found that the plate bound IVIg induced significant amount of cytokines (Fig. 1) , but the former did not (data not shown). From these findings, cross-linking of Fc receptor is significantly important for stimulating PBMCs by IVIg directly. Data shown in Fig. (2) indicated that both whole immunogulobulin molecule and F(ab') 2 fragment inhibited cytokine synthesis almost equally. In addition, we also found that F(ab') 2 fragment did not induce cytokines even by binding to the culture plate (Fig. 4) . In the present study, the purpose is to analyze the PAMPs mediated activation of PBMCs and its inhibition by immunoglobulin preparation, thus, we used aqueous F(ab') 2 fragment for the precise examination.
The inhibitory action of F(ab') 2 on Poly I:C-induced PBMCs response was comprehensively analyzed at the gene expression level using a microarray. Characteristic gene experssion changes are shown in the Tables 1 and 2 . TNFproduction was inhibited by approximately 5. 4 10 -4 times, even at the gene expression level. In addition, the expression of other inflammatory cytokines, including IL-1 , IL-6, IL-8, Oncostatin M (OSM), and IFN-, were also inhibited. Chemokines involved in cell mobilization, as well as chemokine receptors, were also inhibited. Cytokine receptors and adhesion molecules were also inhibited. In addition, a wide range of molecules involved in inflammation, including TLR2, urokinase type plasminogen activator receptor (UPAR), lysozyme (LZM), ficolin, and caspase, were also inhibited. According to these results, it was suggested that (1) IVIg inhibits inflammatory PAMP-induced cytokine production by PBMCs, (2) the inhibitory action is broad and inhibit various types of PAMPs or receptors, and (3) there is a possibility of inhibition at the gene expression level.
In contrast, the expressions of numerous genes were found to be enhanced by IVIg. As the expression levels in the control group varied considerably, only genes with relatively high expression levels and genes that demonstrated considerable relative changes were selected and included in the table. A large number of genes involved in cell survival were observed, including channel, proteasome, heat shock protein (HSP), chaperonin, oxidoreductase, and detoxification enzyme genes. Moreover, increases in the expression of inflammation-related molecules were observed. For example, chondroitin sulfate synthetase is involved in the promotion of matrix synthesis while, at the same time, matrix metalloproteinase 1 (MMP1) and tissue inhibitor of metalloproteinase 2 (TIMP2) control tissue metabolism by promoting and inhibiting decomposition. Super Oxide Dismutase 1 (SOD1) is essential for the elimination of oxidative stress.
Microarray analysis reconfirmed that the action of IVIg is extremely diverse, as exemplified by enhancement and inhibition of the expression of an extremely large number of genes. As shown in Fig. (1) , IVIg suppressed TNF-synthesis of PBMC stimulated with several PAMPs. Signaling mechanism of these PAMPs share many part in the downstream signals of TLRs, such as MyD88 and TIR [11] [12] [13] [14] [15] 26] . From these findings, genes inhibited and augmented by other PAMPs may include major similarity.
In the present study, anti-inflammatory mechanisms of IVIg were analyzed from the view point of PAMPs induced cytokine syntheses and gene expression. The most striking data interested in this study was the similar inhibitory effect of IVIg and F(ab')2 fragment. A part of the antiinflammatory action of IVIg would be mediated through the Fc-fragment of the immunoglobulin molecule. In the PAMPs stimulated cytokine production, F(ab')2 fragment acted almost equally with the whole immunoglobulin molecule, at least in this experimental system. In general, Fc-fragment is a key moiety for inducing inflammatory response, F(ab')2 might be beneficial for the clinical use. From the view point of microbial infection and autoimmune disease, variety of mechanisms should be concerned in addition to the PAMPs mediated inflammatory responses [27, 28] . Further analysis is needed for the precisely examine the whole mechanism of autoimmune disease and the effect of IVIg.
